TiO 2 , well known for photocatalysis, has also been studied as a safer anode material for lithium ion batteries compared to graphite, while with the limited lithium ion diffusion within the host and the structural distortion during lithium insertion/extraction.
Introduction
Titanium dioxide (TiO 2 ) nanomaterials have been widely studied as photocatalysts [1] [2] [3] [4] . Many studies have suggested that anatase phase is more active in many photocatalytic reactions [4, 5] . Much effort has been devoted in improving the photocatalytic performance of TiO 2 , such as by metal or non-metal doping [6] [7] [8] [9] , and compositing [10] . Our recent discovery of "black" TiO 2 nanoparticles with longwavelength optical absorption by hydrogenation has opened a new avenue [11] and triggered great interest [12] [13] [14] [15] [16] [17] . Distinct from these approaches, we demonstrated turning white anatase nanocrystals into black TiO 2 by hydrogenation at elevated temperature, by changing the arrangement of the atoms on the surface layers surrounding the crystalline TiO 2 core [11] . The overlap of the oxygen p-and titanium d-orbitals along with a mixing of the hydrogen s-orbitals with those of TiO 2 induces mid-gap electronic levels above the valence band of TiO 2 where the H atoms are partially bonded to both oxygen and titanium atoms [11] . The distinctive feature of the hydrogenated black TiO 2 nanoparticles is its highly disordered surface capping its highly crystalline core. This crystalline/disordered core/shell structure has displayed superior performance in the photocatalytic hydrogenation as photocatalyst due to the better charge separation capability after the light absorption.
TiO 2 has on the other hand been studied as a safer anode material for lithium ion batteries compared to graphite, as the lithium insertion/extraction occurs around 1.5 -1.8 V vs. Li + /Li redox couple, while graphite has an operating voltage close to Li electroplating potential [18, 19] . Li-reaction with TiO 2 is conveniently expressed as: sharing two adjacent edges with two other octahedral so that planar chains are formed [20] . Li ions diffuse along a path connecting the octahedral interstitial sites in an anatase framework [21, 22] . With Li ion insertion, the symmetry of the anatase unit cell decreases and, when x=0.5 (Li 0.5 TiO 2 ), its original I4 1 /amd symmetry transforms into the orthorhombic Pmn2 1 space group due to the loss of symmetry in the y direction [23] . The change in symmetry is accompanied by a decrease of the unit cell along the c-axis and an increase along the b-axis, resulting in a net increase of ~4% of the unit cell volume and a rapid capacity fade [24] . As thus, for bulk anatase TiO 2 , x = 0.5 is most consistently reported as the maximum electrochemical insertion of Li [25, 26] . During Li insertion, the anatase undergoes spontaneous phase separation into Li 0.01 TiO 2 and Li 0.6 TiO 2 domains on a scale of several tens of nanometers [27, 28] . Bulk anatase demonstrates flat voltage curves, indicating a classical bi-phase electrochemical reaction process of the Liinsertion/extraction. Decreasing the particle size into the nano-regime alternates the electrochemical reactions and reactivity to Li [29] [30] [31] . The Li-interaction with the nanostructures behaves more like solid solution [29] . The size reduction, along with unique morphologies, also leads to increased capacity over 0.5Li per unit formula due to the surface-confined charge storage and different Li-reaction mechanisms from that in the bulk materials.
Here we would like to demonstrate that this surface-disordered structure is also beneficial to the charge transfer process and the capacity retention of the electrodes made of these materials compared the pure crystalline materials. Figure 1 schematically illustrates this concept. As the overlap of the atomic orbital on the disordered surface layer decreased compared to the crystalline phase, the interaction between the transferred charges and the host matrix can be weaker, thus the charge transport within the electrode material become easier. Due to the more flexible structure in the disordered layer, the charge transfer with the coated conductive carbon can become faster and the smaller structural distortion during the charge/discharge process can allow the larger capacity retention and longer lifetime of the electrode. This concept is hereby demonstrated with the hydrogenated surface-disordered TiO 2 nanocrystals as the active electrode material with a comparative study on pure crystalline TiO 2 nanocrystals to illustrate its benefits. Coin cell fabrication and testing: Coin cell assembly was prepared in standard 2325 coin cell hardware under dry argon atmosphere. The separator was from Celgard (product 2400). 1.0 M LiPF 6 in 1:2 EC:DEC was used as the electrolyte solution, and lithium as the counter electrode. Cells were discharged to 0.95V and charged to 3.05V after 15min resting for the first cycle at C/25 (calculated from a specific capacity value of 336mAh/g) using a Maccor battery cycler at 30°C. For the 2 nd cycle, cells were discharged to 1.0V and charge to 3.0V at C/5. Then the cells were cycled at 1C from 1.0V to 3.0V. Data were recorded for every 10 mV of voltage change. For rate performance test, for the first 18 cycles, the charge and discharge rates were changed simultaneously; and for the following cycles, only the charging rates changed while the discharge rate was kept at 1C. Figures 2A and 2B show the high-resolution transmission electron microscopy (HRTEM) images of the pure and hydrogenated TiO 2 nanocrystals, respectively. As seen, the sizes of these pure and hydrogenated TiO 2 nanocrystals are around 8 nm in diameter.
Material and methods

Materials
Results and Discussions
The pure TiO 2 nanocrystals are highly crystalline throughout the whole particle, while hydrogenated TiO 2 nanocrystal shows crystalline core with a disordered amorphous shell with a few atomic layers' thickness. The thickness of this disordered amorphous shell is around 0.4-1.0 nm, accounting around 14.2%-33.0% of the total volume of the nanoparticle.
The XRD results of pristine white and hydrogenated black TiO 2 nanocrystals are shown in Figure 2C . The strong diffraction peaks suggest that both pure white and hydrogenated black TiO 2 displayed highly crystalline anatase phases. We can deduce the lattice plane spacing and lattice parameters from the Bragg's law nλ = 2dsinθ, where n is an integer, λ is the wavelength of incident wave (Cu-Kα, λ = 1.5418 Å), d is the spacing between the planes in the atomic lattice, and θ is the angle between the incident ray and the scattering planes (diffraction angle). The crystalline grain size of the anatase was calculated using the Scherrer equation: τ = (Kλ)/(βcosθ), where τ is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain size, K is the shape factor with a typical value of 0.9, λ is the X-ray wavelength, β is the line broadening full width at half maximum (FWHM) peak height in radians, and θ is the Bragg angle [32] . The size of crystalline phase of the pristine TiO 2 nanocrystal is 8.31 nm, 6.42 nm and 7.84 nm along (101), (001) and (100) direction, respectively; while the size of crystalline phase of the surface disordered TiO 2 nanocrystal is 7.84 nm, 6.32 nm and 7.57 nm along (101), (001) and (100) direction, respectively; apparently, the size of the crystalline phase of the surface disordered TiO 2 contracted 5.75% (0.48 nm), 1.50% (0.10 nm), and 3.44% (0.27 nm) long (101), (001) and (100) direction, respectively, after the hydrogenation treatment. As the X-ray diffraction mainly sees the crystalline phase, we can deduce that the amount of the amorphous layer is around 12.3% of the total volume of the nanoparticle. These results are consistent with the HRTEM results shown in Figure 2A and Figure 2B . The variation of discharge capacity versus cycle number for the first 500 cycles for crystalline TiO 2 nanocrystals and surface-disordered TiO 2 nanocrystals is shown in Figure 3A . The initial discharge capacity of the surface-disordered nanocrystals rapidly decreased and then increased quickly and then decreased slowly in the following cycles as shown in Figure 3B . The galvanostatic charge/discharge profiles at first cycle at C/25 rate, 35 th cycle at 1C rate, and 100 th cycle at 1C rate for the electrode made of the crystalline TiO 2 nanocrystals and the surface-disordered TiO 2 nanocrystals are shown in Figure 3C and Figure 3D . Besides the larger charge/discharge capacity at various cycles, the surface-disordered TiO 2 nanocrystals show larger charge/discharge plateaus and smaller potential difference between the charge and discharge cycle. cycles for the hydrogenated surface-disordered TiO 2 nanocrystals. The first cycle was conducted at C/25 rate, and the second cycle was conducted at C/5 rate, and the remaining cycles were conducted at 1C rate.
The variations of discharge efficiency along with the charge/discharge versus cycle number for the first 500 cycles for the pristine crystalline TiO 2 nanocrystals and the hydrogenated surface-disordered TiO 2 nanocrystals are shown in Figure 4A and Figure   4B . The pristine crystalline TiO 2 nanocrystals show a quick drop of the discharge efficiency in the initial stage followed by a climb-up to the efficiency of around 99.6% after the first 50 cycles which is steady afterward for the remaining 450 cycles ( Figure   4A ). The hydrogenated surface-disordered TiO 2 nanocrystals show a rapid climb in the initial few cycles to the efficiency of around 99.9% which is steady afterward for the remaining 500 cycles ( Figure 4B ). A closer look at the first 20 cycles revealed that the discharge efficiency increased with large fluctuation for the pristine crystalline TiO 2 nanocrystals in the first four cycles followed by slight decrease in the next 16 cycles ( Figure 4C ), while the discharge efficiency of and the hydrogenated surface-disordered TiO 2 nanocrystals increased steadily to the maximum within the first 4 cycles and followed with steady maximum efficiency in the next 16 cycles ( Figure 4D ). Apparently, the hydrogenated surface-disordered TiO 2 nanocrystals outperformed the pristine crystalline TiO 2 nanocrystals in terms of the coulombic efficiency in the initial cycles.
As seen from the HRTEM image, the disordered surface of the hydrogenated TiO 2 nanoparticles has a large surface roughness. The rougher surface may have edges and corners on the atomic level, which are more favorable for ion adsorption due to the possible surface dangling bonds available. As the surface is disordered, the lattice is poorly defined with thermodynamically metastable energetic state, as compared to the crystalline surface. This will allow better penetration of the lithium ion into the lattice of the host, resulting lower lithium transportation resistance. On the other hand, the solidelectrolyte surface normally needs to change when lithiation and delithiation happens.
The ordered rigid structure of a well-defined surface may not be a good interface in that extensive reorganization may happen which cause the efficiency varies accordingly. Due to large structural distortion tolerance, the disordered surface, on the other hand, may better accommodate the lithium ion insertion/disinsertion (lower voltage difference due to easy lithiation, too) during the lithiation and delithiation processes, so the efficiency is more stable. 18 cycles, the charge and discharge rates were using the same for each cycle; for the following cycles, the discharge rate was kept at 1C and only the charging rates changed.
(C) Comparison of the discharge capacity of the pristine crystalline TiO 2 nanocrystals and the hydrogenated surface-disordered TiO 2 nanocrystals at various discharge rates.
The rate performance data of the pristine crystalline TiO 2 nanocrystals and the hydrogenated surface-disordered TiO 2 nanocrystals are shown in Figure 5 and Table 1 . In the first 18 cycles of the testing, the charge and discharge were using the same rate for each cycle; in the following cycles, the discharge rate was kept at 1C and only the charging rates changed. The mass specific capacity decreases for both samples as the charging/discharging rate increases. For example, the capacity of crystalline TiO 2 decreased from 143.7 mAh/g at 1C to 64.7 at 10C, and 7.05 mAh/g at 50C; the capacity of surface-disordered TiO 2 decreased from 149.8 mAh/g at 1C to 78.7 mAh/g at 10C and 15.9 mAh/g at 50C. Apparently, the surface-disordered TiO 2 nanocrystals show better performance over the crystalline TiO 2 under the same testing condition, i.e. at higher charging/discharging rates. For example, at 50C charge/discharge rate, the surfacedisordered TiO 2 displayed 125.5% capacity increase over crystalline TiO 2 , when the charge/discharge rate is the same. When the charge/discharge rate is the same, the capacity versus the discharge rate shows an exponential decrease as shown in Figure 5C .
When the discharge rate was kept at 1C and only the charging rate was changed, the discharge capacity of both samples increased, compared to when the charging/discharging rates are the same as seen in the cycles 21-39. Again the discharge capacity of the surface-disordered TiO 2 is much higher than that of the crystalline TiO 2 .
For example, at 50C charging rate, the discharge capacity of the surface-disordered TiO 2 nanocrystal is 56.0 mAh/g, 60% higher than that of the crystalline TiO 2 . The higher rate performance of the surface-disordered TiO 2 nanocrystals is possibly due to the lower energy barrier of the lithium ion transport in the charging and discharging processes in the disordered surface layer [35] . This is in agreement with previous findings on the higher lithium ion higher capacities and capacity retention of amorphous over crystalline In order to understand why hydrogenated surface disorder can help the lithium ion diffusion across the interface, we have performed an FTIR study of both hydrogenated surface-disordered and crystalline TiO 2 nanocrystals to reveal their surface properties.
The results are shown in Figure 7A . Both exhibit OH absorption bands near the 3400 cm respectively, for the disordered TiO 2 nanocrystals, when compared with bulk TiO 2 . The large structural distortion due to the increase of the unit cell volume and the unit cell length upon the insertion of lithium ion into the unit cell is thus relieved to some extent due to the structural alteration in the surface-disordered TiO 2 nanocrystals from the hydrogenation process. This stress release may cause better structural stability of the TiO 2 host for the lithium ion insertion/extraction process.
Conclusions
In a summary, we have demonstrated here that the surface-disordered structure induced by the hydrogenation process on crystalline TiO 2 nanocrystals can facilitate the charge transfer efficiency and capacity retention efficiency of the pure crystalline electrode. Discharge efficiency near 100% can be obtained for 500 cycles without any degradation. Improvement of the discharge capacity and high-rate charge/discharge is obviously achieved in the 500 cycle test. The faster ion exchange and mobility in the hydrogenated disordered surface may provide the explanation of the better facilitate the charge transfer efficiency and capacity retention efficiency, besides the large structural tolerance in the disordered surface. This concept of the surface-disordered structure on the outer layer of crystalline electrode materials provides an alternative solution in our searching for high performance electrode materials.
